The desiccation-tolerant plant Sporobolus stapfianus was subjected to slow dehydration and to rehydration either as a silica gel-dried detached leaf or as an airdried plant. In detached leaves dehydration resulted in a lower relative water content in comparison with leaves dried on the plant. Water loss caused a reduction in chlorophyll, carotenoid and lipid contents and an increase in conjugated dienes. In detached leaves, ultrastructure was also affected by dehydration, showing damaged cells with altered chloroplasts which retained large quantities of starch and lipid-like inclusions in the stroma. Upon rehydration a continuous degradation of the chemical composition and cell organization was observed with a further increase in peroxidation. Leaves dehydrated on the plant showed degradation of chlorophyll and lipids, whereas carotenoids increased and conjugated dienes decreased. Desiccation caused a vacuolar fragmentation and a decline in starch, whereas chloroplasts underwent slight alterations. Following rewatering a full recovery of chlorophyll and lipids occurred, while carotenoids and dienes remained constant. Starch increased in the chloroplasts and there was complete recovery of the ordered cell arrangement and chloroplast organization.. Of the chloroplast polar lipids, in both sets of leaves desiccation caused a reduction only in monogalactosyldiacylglycerol, while phospholipids showed an opposite pattern, increasing in air-dried leaves and decreasing in detached leaves. Rewatering of leaves desiccated on the plant led to a complete recovery of the lipid composition, whereas detached leaves suffered a complete lipid degradation with the loss of polyunsaturated fatty acids.
Introduction
The South African grass Sporobolus stapfianus belongs to a group of desiccation-tolerant (resurrection) plants whose fully differentiated tissues have the ability to withstand dehydration down to air-dryness and to resume full biological activities upon rehydration (Schwab and Gaff, 1990) . In these poikilohydric plants water content closely follows the changes in the dryness of the environment.
Several structural, chemical and molecular aspects have been suggested to explain the ability of resurrection plants to tolerate severe reduction in water content (Gaff, 1989; Michel et ai, 1994; Navari-lzzo et ai, 1994 Navari-lzzo et ai, , 1995 Sgherri et ah, 1994a) . Water deficit could be expected to damage cell membranes through structural changes and by altering their composition and function (Quartacci et ai, 1995) . When water enters into cells an efficient repair mechanism is necessary to restore membrane integrity, much more than during dehydration.
Variations in membrane lipid composition are one of the first symptoms of dehydration injury. The alteration in lipid composition depends, among other factors, on the rate and duration of water loss (Navari-lzzo et al., 1989 (Navari-lzzo et al., , 1995 . Changes in lipid composition and in activities of enzymes involved in lipid metabolism have been found in desiccation-tolerant mosses (Dhindsa and Matowe, 1981; Stewart and Bewley, 1982) and in the resurrection flowering species Romonda, Haberlea (Stefanov et al., 1992; Stevanovic et al., 1992) and Boea hygroscopica .
Previous works on the desiccation-tolerant angiosperm Boea hygroscopica (Navari-Izzo et al., 1994 Sgherri et al., 1994a) have shown that this species also has the ability to revive when dehydrated as a detached leaf. The lipid composition of thylakoids and chloroplast ultrastructure (unpublished results) of slowly dehydrated leaves recovered completely after 36 h of rehydration.
The present study on S. stapfianus has been undertaken to examine the changes in lipid composition and cell ultrastructure which follow dehydration and rehydration, of the whole plant or detached leaves. The ultrastructural observations have been focused particularly on chloroplasts, because thylakoids are the membranes which can undergo the greatest changes during dehydration/rehydration events (Hetherington et al., 1982; Markoska et al., 1994) and because the recovery of a well-organized and functional system of photosynthetic membranes during rewatering is a primary need for the leaf to survive desiccation.
Materials and methods

Plant material
Plants of Sporobolus stapfianus Gandoger were grown in wellwatered pots on sand containing 25% leaf mould in a controlled environment. Plants were kept fully watered until the beginning of the experiments. The dehydration was carried out at 27 °C day and night, a 16 h photoperiod, a photon flux density of 100 ^mol m" 2 s" 1 and 80-90% RH. For experiments on whole mature plants, water was withheld for 12 d and then plants were rewatered for 3 d to field capacity. Leaves were harvested from the control plants and at the end of the two treatments. For experiments on detached leaves the following samples were used: (i) fresh detached leaves, (ii) detached leaves dehydrated for 6 d (144 h) on activated silica gel (0% RH) in a sealed desiccator, and (iii) detached dehydrated leaves rehydrated for 0.5, 2.5 and 24 h, respectively.
The relative water content (R WC) was calculated as previously reported (Sgherri et al., 19946) .
Chlorophyll and carotenoid determinations
Leaves were ground in 80% aqueous acetone containing 2.5 mM sodium phosphate buffer (pH 7.8) and the pellets were extracted four times. The supernatants of the subsequent extractions were pooled and read at 646.6 and 663.6 nm for chlorophyll determination and 480 nm for carotenoid determination (Porra et al., 1989) .
Lipid analysis
Leaves were first boiled in isopropanol for 5 min, then homogenized with a mortar and pestle and immediately extracted with chloroform: methanol (2:1, v/v) containing butylhydroxytoluol as an antioxidant. The combined lipid extracts were then washed as previously reported (Navari-Izzo et al., 1989) .
The total lipids were separated by thin-layer chromatography on activated silica gel plates (Navari-Izzo et al., 1989) . Acylglycerols and free fatty acids were determined on the basis of their fatty acid contents and the conversion factors for each lipid class (Christie et al., 1981) . Individual glycolipids and phospholipids were quantified from their sugar and phosphorus contents, respectively (Navari-Izzo et al., 1989) .
The fatty acid methyl ester derivatives were obtained by transmethylation with a mixture containing methanol: benzene: sulphuric acid (100:5:5, by vol.) after heating at 70°C for 1 h (Douce et al., 1990) . A known amount of heptadecanoic acid as internal standard for quantitative determination was added before transmethylation. The fatty acid methyl esters were analysed by gas-liquid chromatography using a Dani 86.10 HT gaschromatograph equipped with a flame ionization detector. A capillary column (i.d. =0.32 mm, length = 60m), with SP 2340 as stationary phase, was used. The operating conditions were: column, 170°C; injector and detector, 250 °C; split ratio 1:70. Nitrogen was used as carrier gas with a flux of 0.9 ml min" 1 .
Conjugated dienes determination
Known aliquots of the lipid extracts in chloroform were first dried under N 2 and then added to 3 ml cyclohexane and read at 234 nm (Recknagel and Glende, 1984) .
Light and electron microscopy
Tissue samples from leaves in the different experimental conditions were fixed for 2 h in 3% glutaraldehyde in 0.1M sodium cacodylate buffer (pH 6.9) and post-fixed in 1% osmium tetroxide. The specimens were then dehydrated in a graded series of ethyl alcohol and propylene oxide. Staining with uranyl acetate was carried out while dehydrating with 75% alcohol. Tissues were embedded in Epon-Durcupan ACM mixture. For transmission electron microscopy, ultrathin sections (600 nm thick) were cut with an ultramicrotome (Ultracut, Reichert-Jung), post-stained with lead citrate and examined with an electron microscope (TEM 300, Hitachi) operating at 75 kV.
For light microscopy, thin sections (1 (im thick), cut with the same ultramicrotome, were stained with 1% toluidine blue and 1% sodium tetraborate (1:1, v/v) and observed and photographed under a Leitz Ortholux microscope.
Results
Chemical composition
Following desiccation, detached leaves had a lower RWC value than that of leaves dried on the plant (Tables 1, 2) . Upon rehydration both sets of leaves regained the R WC and dry weight of the control leaves, but while the plants recovered their photosynthetic activity and respiration, detached leaves did not (data not shown).
In detached leaves chlorophyll and carotenoid contents continuously decreased during dehydration and rehydration (Table 1 ). In leaves dehydrated on the plant a larger reduction in total chlorophyll and chlorophyll a/b ratio occurred (Table 2 ), but upon rehydration both returned Following desiccation the decrease in extracted lipids (Tables 1, 2) was lower in detached leaves (22%) in comparison with leaves dried on the plant (27%). During rewatering of detached leaves only a slight transitory increase in the lipid content was observed, whereas in the intact leaves there was a full recovery. After water depletion and subsequent rehydration, conjugated dienes on a lipid basis showed an increase in detached leaves (Table 1) , whereas they decreased in leaves desiccated on the plant (Table 2) .
In addition to the lipids reported in Tables 3 and 4 , trace amounts of phosphatidylinositol and lysophosphatides were also detected. In detached leaves (Table 3) , monogalactosyldiacylglycerol (MGDG), phosphatidylcholine (PC) and phosphatidylethanolamine (PE) decreased following dehydration, but there was a 4-fold increase of the triacylglycerols (TG). During rehydration, a general trend towards reduction of polar lipids was observed. At the same time, an increase in free fatty acids (FFA) and diacylglycerols (DG) occurred as a consequence of polar lipid degradation, with a concomitant decrease in the total polar lipid (TPL) to FFA molar ratio.
In leaves dried on the plant a 77% reduction in MGDG and a 23% decrease in phosphatidylglycerol (PG) contents was observed when compared with fresh leaves (Table 4) . The other glycolipids, namely digalactosyldiacylglycerol (DGDG) and sulphoquinovosyldiacylglycerol (SQDG), were unaffected, whereas PC and PE increased following drying. Water depletion caused an accumulation of all the three neutral lipid classes examined (Table 4 ). After Table 3 
. Lipid composition (moP/o) of Sporobolus stapfianus detached leaves subjected to dehydration and rehydration
Results are the means of three replicates. For comparisons among means the analysis of variance was used. The significance of the letters is the same as in Table 1 . DG, diacylglycerols; DGDG, digalactosyldiacylglycerol; FFA, free fatty acids; MGDG, monogalactosyldiacylglycerol; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; SQDG, sulphoquinovosyldiacylglycerol; TG, triacylglycerols;TPL, total polar lipids; ND, not detectable. rewatering nearly all the lipid components regained the fresh leaf values; also the MGDG to DGDG and TPL to FFA molar ratios recovered almost completely to control values. In detached leaves, water depletion caused an increase in the unsaturation level of the individual lipid components, with the exception of MGDG in which it decreased. Also total lipid unsaturation showed a slight reduction (Table 5 ). Rehydration had a large effect on glycolipid and phospholipid unsaturation, which generally decreased to values lower than 10%. In contrast, neutral lipid unsaturation was not affected by rewatering (Table 5) .
Desiccation of leaves on the plant, did not cause a reduction in the unsaturation level in polar lipids nor in neutral lipids, with the exception of MGDG (Table 6 ). On rewatering, the individual lipids showed a general trend towards recovery, even though the two main phospholipids (PC and PE) maintained a higher unsaturation level than fresh leaves, contrary to FFA which showed a decrease.
infrastructure
The S. stapfianus leaf showed the Kranz-type anatomy characteristic of the C 4 plants. In the hydrated state the mesophyll cells had a large central vacuole and peripheral chloroplasts (Plate la). These latter exhibited an abundant membrane system well organized in grana and stroma thylakoids and were usually devoid of starch (Plate lb). Also in the bundle sheath cells the chloroplasts, centrifugally localized, had a granal thylakoid system, but they contained numerous starch grains (Plate lc), already visible at the light microscope (Plate la). Dehydration did not cause a strong shrinkage in the dorsiventral plane due to the leaf structure, with fibre layers under the epidermises, a sclerenchymatous mestoma sheath around the main vascular bundles and the thickened walls of both the bundle sheath cells and the voluminous bulliform-like ones.
In the leaves subjected to desiccation on the plant, a loss of cell compartmentation, a disordered distribution of chloroplasts and the loss of starch in the bundle sheath organelles could be seen at the light microscope (Plate 2a). Ultrastuctural observation revealed the absence, in the mesophyll cells (Plate 2b), of the central vacuole which appeared fragmented in numerous vesicular areas. Among these, masses of normal looking cytoplasm were distributed, in which mitochondria, chloroplasts and clusters of small vesicles, possibly formed by swollen endoplasmic reticulum (ER) cisternae, were clearly recognizable. An integral envelope surrounded the chloroplasts, which showed a rather slight loss of structure, with a thylakoid system less regular but still made up of large granal stacks and some stroma membranes. Also in the bundle sheath cells (Plate 2c) vacuolar areas were scattered in the cytoplasm, which contained well-preserved mitochondria and chloroplasts. These latter were delimited by a distinct envelope and had retained an abundant thylakoid system, but they had totally lost their starch. During rehydration, the cells of leaves which had dried on the plant completely recovered the original organization. The single large central vacuole was reformed in the mesophyll cells (Plate 3a), where the peripheral chloroPlate 2. The dry leaf of Sporobolus siapfianus which has been dehydrated on the plant, (a) The precise cell compartmentation and the regular disposition of chloroplasts are lost. Starch is no longer visible in the bundle sheath cells (bar = 50 ysa). (b) A mesophyll cell with numerous vacuolar fractions and a cluster of small vesicles (arrow) in a well preserved cytoplasm. The chloroplast shows an intact envelope, several stacks of grana thylakoids and some stroma thylakoids (bar = l fitoi). (c) A chloroplast with well defined envelope and several grana and stroma thylakoids in a bundle sheat cell. Vacuolar areas and mitochondria can also be seen (bar= 1 fim): e, envelope; gt, grana thylakoids; m, mitochondrion; st, stroma thylakoids; v, vacuole. plasts showed an improved arrangement of their thylakoid membranes (Plate 3b). In the bundle sheath chloroplasts, which resumed the characteristic centrifugal localization, several starch grains reappeared among the thylakoids (Plate 3a, c). Moreover, starch was also synthetized in the mesophyll organelles (Plate 3b).
The detached leaves exhibited poorer cell organization and lost the ordered chloroplast distribution during dehydration, like those dried on the intact plant. In this case, however, great quantities of starch could be seen to persist in the bundle sheath cells (Plate 4a). In the desiccated detached leaf the electron microscope showed mesophyll cells with large and not defined vacuolar areas and cytoplasmic regions which contained altered chloroplasts. The envelope was often indistinct, thylakoids were still present but rather swollen and inclusions of lipid-like materials were accumulated in the stroma (Plate 4b). The situation was also somewhat confused in the bundle sheath cells. The plastid boundaries were not clearly distinguishable and disordered thylakoid stacks were mixed with starch grains and lipidic-like masses in the stroma (Plate 4c).
Further cell degradation occurred during rehydration of the detached dried leaves. The cells did not recover their original compartmentation (Plate 5a) and, inside them, the chloroplasts underwent serious damage. In the rewatered leaf, stacks of thylakoids, drops of lipid-like materials and, in the bundle sheath cells, starch grains, were also widespread in a degenerated cytoplasm (Plate 5b, c).
Discussion
Generally, leaves of resurrection plants survive desiccation when they are dried on the plant, but some of them, such as Borya nitida and Boea hygroscopica, also tolerate dehydration when desiccated as detached leaves (Gaff and Churchill, 1976; Navari-Izzo et al., 1995; Oliver, 1996) .
In the cells of leaves dehydrating on the plant the break-up of the single original vacuole in numerous vesicular fractions occurred (Plate 2b, c). Such a phenomenon has been observed in several other desiccationtolerant species Hallam and Luff, 1980ft) and it is regarded as one of the cellular mechanisms of adaptation to drying (Markoska et al., 1994) . Both the high number of vacuolar areas and the presence of clusters of ER-like vesicles (Plate 2b), associated with the increase in PC and PE (Table 4 ), suggest that a de novo synthesis of endomembranes may occur in the cells during dehydration. This event may somehow be connected with desiccation tolerance. This seems to emerge from the fact that it did not occur in drying detached leaves, where the vacuolar areas remained larger and undefined, ER-like vesicles were not recognizable in a rather altered cytoplasm (Plate 4b, c) and lowered PC and PE contents were recorded in the cells (Table 3) .
As regards the changes of the photosynthetic apparatus during dehydration, S. stapfianus showed an intermediate behaviour between that of poikilochlorophyllous species, from which chlorophyll is totally lost and the thylakoids are completely degraded (Hallam and Luff, 1980a; Tuba et al., 1996) , and that of homoiochiorophyllous species, which do not lower their chlorophyll content and retain thylakoids in the organelles (Hallam and Luff, 1980ft; Markoska et al., 1994; Schneider et al., 1993) . As already noticed by Altus and Hallam (1980) , in S. stapfianus chloroplasts maintained large quantities of inner membranes, but the chlorophyll was partially lost. Interestingly, the chlorophyll decrease was greater in the chloroplasts of leaves dried on the plant (Table 2) , which showed an intact envelope and a rather well-preserved thylakoid system (Plate 2b, c), than in detached dried leaves (Table 1) , whose organelles were more damaged and had altered membranes (Plate 4b, c). The smaller decrease in chlorophyll content during desiccation of detached leaves might be explained by the faster dehydration and the earlier inactivation of enzyme systems, including those involved in pigment demolition.
The absence of peroxidative processes in the dehydrated and rewatered air-dried leaves can be due, at least in part, to the increase in carotenoids (Table 2) and to the maintained levels of the lipophilic antioxidant tocopherol (unpublished results). The carotenoid decrease observed in leaves dried on silica gel (Table 1) can be associated with a free radical-induced damage to membranes which leads to lipid peroxidation (Navari-Izzo et al., 1994) .
In both sets of leaves dehydration caused a large decrease in MGDG levels and in MGDG/DGDG molar ratios (Tables 3, 4) . Similar results have been reported in the resurrection plants Haberlea rhodopensis (Stefanov et al., 1992) , Ramonda serbica (Stevanovic et al., 1992) and Boea hygroscopica . Even though biological membranes are complex mixture of several lipids, variations in their relative proportions induced by water loss influence the physical state of membranes and their activities Quinn and Williams, 1983) . During dehydration the metabolic activities of tissues are maintained at a very low level, included photosynthesis. A decrease in MGDG, which plays a fundamental role in electron transfer between the antennae and the cores of the photosystems (Siefermann-Harms et al, 1987) , may help to maintain a reduced electron transport rate. As regards the other chJoroplast lipids (DGDG, SQDG and PG), desiccation did not cause any noteworthy variation in their amounts (Tables 3, 4) , probably due to the low enzyme activities induced by desiccation itself. Following dehydration, the changes of the chloroplast ultrastructure should, at least in part, be dependent on more subtle alterations in lipid molecular ordering than the overall lipid composition.
The polar lipid degradation upon dehydration led to an accumulation of neutral lipids which, in detached leaves (Table 3) , were predominantly present as TG presumably located in the lipid-like materials accumulated in the stroma of the damaged chloroplasts (Plate 4b, c) due to a partial dismantling of the thylakoid membranes (Rascio et al, 1993; Steinmuller and Tevini, 1985) . The storage of higher amounts of DG and FFA in leaves dehydrated on the plant (Table 4) , although usually destabilizing membranes, may be considered as a readily available source of precursors for the reconstitution of the polar lipid pool during rehydration and for energy supply as soon as water is available again .
In detached dried leaves the rewatering reactivated the processes (Plate 5a) which brought about the degradation of the photosynthetic organelles and cell lipids, with a concomitant accumulation of all the neutral lipid classes (Table 3 ). In contrast, in leaves rehydrated on the plant a general recovery in ultrastructure (Plate 3a) and chemical composition was observed (Table 4) . As observed in Ramonda species and in a desiccation-tolerant moss (Stevanovic et al., 1992; Stewart and Bewley, 1982) , the synthesis of lipids upon rewatering is strikingly fast due to the stability of the mRNA under desiccation, which leads to a rapid synthesis of polyribosomes on rehydration (Tymms and Gaff, 1984) .
Total lipid unsaturation was slightly affected by the two different dehydration/rehydration events (Tables 5,  6 ), but in the rewatered silica gel-dried leaves the maintenance of a constant unsaturation level was exclusively due to the increased unsaturation of the neutral lipid classes, polar lipids showing a large peroxidation of their fatty acids during rewatering. The reduced MGDG amount, its lower unsaturation and the low level of linolenic acid upon desiccation (Tables 3-6 ), already observed in other resurrection species (Laskay and Lehoczki, 1986; NavariIzzo et al., 1995; Stefanov et al., 1992; Stevanovic et al., 1992) , may have contributed to the maintainance of membrane fluidity in both dehydrated leaves to a level consistent with metabolic recovery upon rewatering (Navari-Izzo et al., 1994) .
The unchanged FFA unsaturation observed in air-dried leaves following dehydration ( Table 6 ) may indicate that FFA accumulation was caused not only by polar lipid degradation and unsaturated MGDG in particular, but that it was also likely due to active synthesis during the early dehydration period, to produce precursors to be used on rewatering.
The loss of starch from the chloroplasts of leaves drying on the plant (Plate 2a), already observed in other resurrection plants Hallam and Luff, 1980a, b; Markoska et al., 1994; Tuba et al., 1993) , might be connected with the formation of soluble sugars and other active products useful in protecting the cells and their membranes against desiccation damage (Schwab and Gaff, 1986; Schwab and Heber, 1984) . Therefore, the persistence of starch in the chloroplasts of detached dried leaves (Plate 4a) strongly suggests that they are not able to carry out the synthesis of the substances on which the desiccation-tolerance depends at a sufficient rate or level. Upon rehydration the reappearance of starch in the air-dried leaves (Plate 3) is thought to precede the renewal of net photosynthesis (Markoska et al., 1994; Schwab et al., 1989) . The starch could have been originated, at least in part, from the transformation of desiccation-protecting sugars accumulated in the cells during the drying phase.
In conclusion, it seems that although at the end of the different dehydration treatments leaves have similar membrane lipid compositions, detached leaves are not able to withstand the consequences of water entry into cells. This may be due to the non-activation of protective mechanisms during the desiccation phase (Sgherri et al., 19946) and of the repair ones during rewatering. Thus, in contrast to several other resurrection plants, the detached leaves of S. stapfianus showed a sensitivity to drought which is well tolerated by the leaves attached to the plants. A similar behaviour has been noticed in the leaves of the poikilohydric monocot Xerophyta villosa (Gaff, 1977; Tymms et al, 1982) .
